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ABSTRACT 29 
S-RNase is the female determinant of self-incompatibility (SI) in pear (Pyrus30 
bretschneideri). After translocation to the pollen tube, S-RNase degrades rRNA 31 
and induces pollen tube death in an S-haplotype-specific manner. In this study, 32 
we found that the actin cytoskeleton is a target of P. bretschneideri S-RNase 33 
(PbrS-RNase) and uncovered a mechanism that involves phosphatidic acid (PA) 34 
and protects the pollen tube from PbrS-RNase cytotoxicity. PbrS-RNase 35 
interacts directly with PbrActin1 in an S-haplotype-independent manner, 36 
causing the actin cytoskeleton to depolymerize and promoting programmed cell 37 
death in the self-incompatible pollen tube. Proline 156 of PbrS-RNase is 38 
essential for the PbrS-RNase–PbrActin1 interaction, and the actin 39 
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cytoskeleton-depolymerizing function of PbrS-RNase does not require its 40 
RNase activity. PbrS-RNase cytotoxicity enhances the expression of 41 
phospholipase D (PbrPδDį1), resulting in increased PA levels in the 42 
incompatible pollen tube. PbrPδDį1-derived PA initially prevents 43 
depolymerization of the actin cytoskeleton elicited by PbrS-RNase and delays 44 
the SI signaling that leads to pollen tube death. This work provides insights into 45 
the orchestration of the S-RNase-based SI response, in which increased PA 46 
levels initially play a protective role in incompatible pollen, until sustained 47 
PbrS-RNase activity reaches the point of no return and pollen tube growth 48 
ceases. 49 
 50 
INTRODUCTION 51 
The success of sexual reproduction in flowering plants, which results in the 52 
production of seeds to secure the next generation, is entirely dependent on 53 
species-specific communication between pollen and the pistil. After pollination, 54 
the pollen grain germinates and produces a tube that delivers non-motile sperm 55 
cells to the ovary for fertilization. To achieve this, pollen tubes usually grow over 56 
relatively long distances through the pistil to reach the base, where the ovules 57 
with egg cells are located (Higashiyama and Takeuchi, 2015). However, within a 58 
given species, the presence of genetically determined barriers, i.e., a 59 
mechanism known as self-incompatibility (SI), may prevent self-fertilization in 60 
order to promote outbreeding (De Nettancourt, 2001; Franklin-Tong, 2008; 61 
Doucet et al., 2016; Fujii et al., 2016). SI is genetically controlled by a highly 62 
polymorphic S-locus that harbors two physically linked S-genes. SI allows the 63 
pistil of a plant to reject only pollen originating from the same plant or pollen 64 
from a neighboring plant that carries the same SI genotype (De Nettancourt, 65 
2001; Franklin-Tong, 2008).  66 
The most widespread form of SI operates through a pistil-expressed 67 
S-RNase mechanism, which has been intensively studied in the Solanaceae, 68 
Plantaginaceae, and Rosaceae families (Anderson et al., 1986; Sassa et al., 69 
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1992; Xue et al., 1996). In S-RNase-based SI, the female determinant encodes 70 
an S-RNase, whereas the male determinant encodes an S-locus F-box protein. 71 
Following pollination and pollen germination, S-RNases are translocated to the 72 
growing pollen tube, where the activity of incompatible S-RNases eventually 73 
leads to the failsafe arrest of growth of incompatible pollen tubes. 74 
S-RNases belong to the RNase T2 family, which is widely represented in 75 
prokaryotes and eukaryotes. Members of this family have a wide range of 76 
cytotoxic functions, from degrading rRNA to inducing cell death (Luhtala and 77 
Parker, 2010). S-RNases are specifically expressed in transmitting tissue cells 78 
of the pistil and are secreted into the intercellular matrix, the pathway for pollen 79 
tube growth. After pollination, regardless of the pollen (n) and pistil (2n) 80 
S-haplotypes, both S-RNases enter the growing pollen tube (Luu et al., 2000; 81 
Meng et al., 2014). In compatible pollen tubes, non-self S-RNases are 82 
degraded by the ubiquitin 26S proteasome (Lai et al., 2002; Qiao et al., 2004; 83 
Sijacic et al., 2004) or are compartmentalized into the vacuole (Goldraij et al., 84 
2006). However, in incompatible pollen tubes, self S-RNases are protected from 85 
degradation and have a cytotoxic effect; this inhibits pollen tube growth and 86 
results in pollen tube death, thus preventing the delivery of sperm cells to the 87 
ovules.  88 
Several downstream signaling factors that function in incompatible pollen 89 
have been identified and shown to be essential for the success of 90 
S-RNase-based SI. For example, in Pyrus bretschneideri (pear), a fruit tree of 91 
the Rosaceae family, we found that the actin cytoskeleton in pollen tubes 92 
becomes severely affected by depolymerization and gradually forms punctate 93 
actin foci throughout the entire tube during S-RNase-induced SI (Liu et al., 94 
2007). In incompatible pollen tubes, this S-RNase activity eventually triggers 95 
structural changes in the mitochondria and the degradation of nuclear DNA 96 
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(Wang et al., 2009). Actin cytoskeleton depolymerization, mitochondrial 97 
alteration, and nuclear DNA degradation are all diagnostic features of 98 
programmed cell death (PCD) in plant cells. Eukaryotic cells possess 99 
mechanisms that counteract signaling events associated with PCD, including 100 
those triggered by cytotoxins, as a survival strategy (Jones and Dangl, 2006). 101 
However, whether this type of protective mechanism counteracts the 102 
SI-response in pollen remains unclear. 103 
Phospholipase D (PLD) is a member of a heterogeneous family of 104 
enzymes found in a wide range of organisms. The 12 PLDs in Arabidopsis 105 
thaliana are divided into six groups: PδDα, ȕ, Ȗ, į, İ, and ζ (Qin and Wang, 106 
2002). Some PLDs participate in basic phospholipid metabolism, whereas 107 
others play important roles in many physiological and developmental processes 108 
(Zhang et al., 2003; Li et al., 2004). PLD signal transduction pathways are 109 
largely mediated by their principle product, phosphatidic acid (PA) (Wang, 2002), 110 
an important second messenger in all eukaryotes. The importance of PA during 111 
pollen tube tip growth has been established (Monteiro et al., 2005; Helling et al., 112 
2006; Kumar and McClure, 2010). Overall, increased PA levels elevate actin 113 
filament density, whereas reduced PA production disrupts the actin cytoskeleton 114 
structure (Li et al., 2012; Pleskot et al., 2012).  115 
Here, we demonstrate that S-RNases directly interact with actin, and we 116 
also show that these proteins exhibit actin cytoskeleton depolymerization 117 
activity in pear pollen. Interestingly, an SI-induced increase in pollen 118 
PδDį-derived PA levels appears to postpone actin cytoskeleton 119 
depolymerization and to delay cell death signaling in self-incompatible pollen 120 
tubes, suggesting that PA levels in pear pollen may play an intermediate, 121 
decisive role between the early stages of S-RNase-triggered SI signaling and 122 
eventual pollen tube death. Based on these results, we propose that PA initially 123 
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plays a protective function in pear pollen after challenge by an incompatible 124 
S-RNase. These findings add an extra dimension to our understanding of the 125 
signaling that occurs during S-RNase-based SI in pollen. 126 
 127 
RESULTS 128 
PbrS-RNase directly depolymerizes the actin cytoskeleton  129 
The actin cytoskeleton of pollen tubes forms a dynamic cell framework that 130 
supports numerous fundamental cellular processes and is essential for their 131 
highly specialized polarized tip growth. We observed massive actin 132 
depolymerization in pear pollen tubes within minutes of an incompatible 133 
PbrS-RNase challenge (Supplemental Figure 1A, B). Thus, we initiated this 134 
study by examining how PbrS-RNase depolymerizes the actin cytoskeleton in 135 
pear pollen tubes. We used PbrS7-RNase from pear in a yeast two-hybrid (Y2H) 136 
screen to identify potential pollen-interacting partners using a pear pollen cDNA 137 
library as the prey. One of the pollen interactors isolated at high frequency (5/72) 138 
was actin (Pbr032870.1; named PbrActin1). Interaction between PbrS7-RNase 139 
and PbrActin1 was further confirmed by a second round of Y2H assays, a 140 
colony-lift filter assay, and a ȕ-galactosidase activity assay (Supplemental 141 
Figure 1C). Importantly, both PbrS7-RNase and PbrS34-RNase were found to 142 
interact directly with PbrActin1 (Supplemental Figure 1C), suggesting that the 143 
interaction between PbrS-RNase and PbrActin1 is not S-gene specific. 144 
We investigated the domain of PbrS-RNase that is required or responsible 145 
for the interaction with PbrActin1. PbrS-RNase contains one hypervariable 146 
region called the Rosaceae hypervariable region (RHV) and five conserved 147 
regions: conserved region 1 (C1), conserved region 2 (C2), conserved region 3 148 
(C3), Rosaceae conserved region 4 (RC4), and conserved region 5 (C5). Only 149 
truncated PbrS7-RNase lacking the RC4 domain did not interact with PbrActin1, 150 
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suggesting that RC4 is the region responsible for interaction with PbrActin1 151 
(Figure 1A). ACTIBIND and RNASET2 are members of the RNase T2 family in 152 
fungi and humans, respectively; they are structurally similar to PbrS-RNase and 153 
also possess actin-binding capacity (Roiz et al., 2006; Gundampati et al., 2012; 154 
Nesiel-Nuttman et al., 2015). Structural prediction revealed analogous protein 155 
domain structures in PbrS7-RNase, PbrS34-RNase, ACTIBIND, and RNASET2 156 
(Supplemental Figure 2). Moreover, based on protein sequence alignment and 157 
crystal structure superimposition analysis, the RC4 actin-binding domain of 158 
PbrS7-RNase is highly conserved in ACTIBIND and RNASET2 in terms of both 159 
sequence and structure (Figure 1B, C). Three conserved amino acids, L149, 160 
I154, and P156, are present in the RC4 domains of these RNase T2 proteins 161 
(Figure 1B). Although mutation of L149A or I154A did not affect the ability of 162 
PbrS7-RNase to bind to PbrActin1, when the proline at position 156 was 163 
substituted with an alanine (P156A), the interaction between PbrS7-RNase and 164 
PbrActin1 was severely disturbed (Figure 1A). These results suggest that P156 165 
of PbrS-RNase is essential for its proper physical interaction with PbrActin1. 166 
We next investigated whether PbrS-RNase directly depolymerizes actin 167 
filaments. Depolymerization of actin filaments was observed with PbrS-RNase 168 
that had been extracted and purified from pear pistils, a reaction that was 169 
concentration dependent (Figure 2A). Furthermore, F-actin displayed 170 
continuous fragmentation in the presence of pistil PbrS-RNase with time (Figure 171 
2B, C). We then assessed whether PbrS-RNase possesses F-actin-severing 172 
activity using total internal reflection fluorescence (TIRF) microscopy. In the 173 
absence of PbrS-RNase, actin-severing activity was extremely low, whereas 174 
there was a significant increase in severing frequency along actin filaments in 175 
the presence of PbrS-RNase (Figure 2D, E). These results confirm that 176 
PbrS-RNase possesses intrinsic F-actin-depolymerizing activity. 177 
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    To confirm that the observed F-actin-severing activity was solely due to 178 
PbrS-RNase, we expressed PbrS-RNase in Escherichia coli and purified the 179 
recombinant protein (Figure 3A). First, we confirmed that recombinant 180 
PbrS-RNase exhibits RNase activity (Figure 3B). The recombinant 181 
PbrS7-RNase strongly bound to actin with an equilibrium dissociation constant 182 
(Kd) of 2.2 ± 0.7 μM (Figure 3C). Addition of recombinant PbrS-RNase to in vitro 183 
pollen tube cultures resulted in similar SI responses, i.e., pollen tube growth 184 
inhibition (Supplemental Figure 3A, B) and actin depolymerization (Figure 3D, 185 
E).  186 
PCD is a highly conserved process used to kill unwanted cells in a 187 
precisely regulated manner, and we previously demonstrated that PCD plays a 188 
key role in S-RNase-based SI in pear (Wang et al., 2009). Thus, we also 189 
evaluated whether recombinant PbrS-RNase induces PCD in pear pollen tubes. 190 
We evaluated the induction of DNA strand breaks during PCD using the 191 
terminal-deoxynucleotidyl transferase-mediated nick-end labeling (TUNEL) 192 
staining technique (Supplemental Figure 3C). Recombinant PbrS-RNase 193 
induced pollen tube death during SI (Supplemental Figure 3D); by contrast, no 194 
inhibitory effects on pollen tubes were observed using the empty vector 195 
expression product (His) or compatible (SC) treatment (Figure 3D, E; 196 
Supplemental Figure 3). These results demonstrate that recombinant 197 
PbrS-RNase with cytotoxic activity can be heterologously produced in E. coli.  198 
 199 
Actin-binding properties of recombinant PbrS-RNase 200 
We further analyzed the actin-binding properties of wild-type (WT) and mutant 201 
(with mutations in the three predicted actin-binding domain residues, L149A, 202 
I154A, and P156A) forms of recombinant PbrS7-RNase (Figure 4A) and 203 
PbrS34-RNase (Supplemental Figure 4A). We also combined dynamic actin 204 
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depolymerization assays (Figure 4C), microscopy (Figure 4D, E), and total 205 
internal reflection fluorescence (TIRF) microscopy analysis (Supplemental 206 
Figure 5A, B) to demonstrate that the actin-binding domain RC4, containing 207 
P156, is crucially important for PbrS-RNase binding and 208 
F-actin-depolymerization activity. The actin-depolymerization activity of 209 
samples harboring L149A and I154A was indistinguishable from that of 210 
wild-type PbrS-RNase. These results suggest that this F-actin-severing activity 211 
is due to binding by PbrS-RNase and that P156 of PbrS-RNase is essential for 212 
actin depolymerization. 213 
 214 
PbrS-RNase-induced depolymerization of the actin cytoskeleton is 215 
independent of RNase activity  216 
The RNase activity of Petunia S3-RNase is essential for SI; replacement of the 217 
conserved histidine in the C3 region with an asparagine abolishes its RNase 218 
activity, resulting in failure to reject S3 pollen (Huang et al., 1994; Mccubbin et 219 
al., 1997). Based on protein sequence alignment, PbrS7-RNase and 220 
PbrS34-RNase share the conserved His116 in the C3 region of Petunia 221 
S3-RNase (Supplemental Figure 6). Thus, to determine whether the RNase 222 
activity of PbrS-RNase is important for its actin-severing activity, His116 was 223 
mutated to Arg in PbrS7-RNase (Figure 4A) and PbrS34-RNase (Supplemental 224 
Figure 4A), and these mutant forms were then heterologously expressed in E. 225 
coli and purified. This mutation substantially reduced RNase activity, whereas 226 
mutations in the actin-binding domain had a negligible effect on RNase activity 227 
(Figure 4B; Supplemental Figure 4B). Using a dynamic actin depolymerization 228 
assay (Figure 4C), visual detection via microscopy (Figure 4D, E), and TIRF 229 
microscopy analysis (Supplemental Figure 5), we observed normal actin 230 
depolymerization and F-actin-severing activity in PbrS-RNase with the H116R 231 
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mutation. These findings suggest that the RNase activity of PbrS-RNase is not 232 
essential for its actin-depolymerization activity.  233 
To verify this hypothesis, we investigated the effect of the H116R mutation 234 
on actin-depolymerization activity during SI. PbrS-RNase lacking RNase activity 235 
was still able to elicit cytoskeletal changes similar to those of the fully functional 236 
PbrS-RNase during SI (Figure 4F). Moreover, PbrS-RNase with the P156A 237 
mutation mitigated incompatible pollen PCD compared with wild-type and other 238 
mutant PbrS-RNase (Figure 4G). This evidence supports the conclusions that 239 
the RNase activity and actin-depolymerization activity of PbrS-RNase do not 240 
affect each other and that the actin-depolymerization activity of PbrS-RNase 241 
plays an important role in promoting PCD in the SI of pear pollen tubes. 242 
 243 
SI challenge results in PA accumulation in the pollen tube 244 
In addition to structural changes in the actin cytoskeleton, we observed a 245 
two-fold increase in PA levels in pollen tubes within 5 min after challenge with 246 
incompatible PbrS-RNase, whereas no change in PA levels was observed in 247 
pollen tubes treated with compatible PbrS-RNase (Figure 5A, B). In addition, 248 
the PA levels increased in a time-dependent manner in incompatible pollen 249 
tubes after SI challenge. These results suggest that phospholipids are involved 250 
in the SI response in pear pollen. 251 
Two distinct signaling pathways lead to PA production in plants. The first 252 
pathway involves the direct cleavage of structural phospholipids by PLD, and 253 
the second involves a cascade of reactions catalyzed by phospholipase C and 254 
diacylglycerol kinase. 1-Butanol is an alcohol isomer that results in the 255 
production of phosphatidylbutanol (PBut) instead of phosphatidic acid (PA), and 256 
thus inhibits PLD-dependent PA signaling (Munnik, 2001). To evaluate the 257 
possible contribution of PLD to SI-induced PA production, we added 0.10% (v/v) 258 
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1-butanol to pollen tube cultures. This concentration of 1-butanol had negligible 259 
effects on both pollen germination and pollen tube growth in the absence of 260 
PbrS-RNase (Supplemental Figure 7A, B). 2-Butanol and t-butanol are isomers 261 
of 1-butanol, but they did not inhibit PLD-dependent PA production (Gardiner, 262 
2003), and thus they did not affect the pollen germination rate and pollen tube 263 
growth (Supplemental Figure 7A, B). By adding PA, the inhibition of pollen 264 
germination and pollen tube growth by 1-butanol could be rescued in a PA 265 
concentration dependent manner (Supplemental Figure 7C, D). However, the 266 
levels of both PA and PBut in pollen tubes increased during the SI response 267 
after the addition of PbrS-RNase (Figure 5C), with the increases following 268 
similar kinetics during the course of the SI response (Figure 5D). These results 269 
suggest that PLD activity is involved in SI-induced PA production. 270 
 271 
SI-induced PA production in pollen is mediated by PbrPLDδ1  272 
We then investigated which PLD gene is responsible for SI-induced PA in pear 273 
pollen. Eighteen PLD genes have been identified in the pear genome (Wu et al., 274 
2013) (Supplemental Figure 8A). Based on phylogenetic and domain 275 
conservation analyses of predicted PδD protein sequences (Eliáš et al., β00β; 276 
Li et al., 2007), we classified these genes into three subgroups: C2-PLDs, 277 
PXPH-PLDs, and SP-PLDs (Supplemental Figure 8B, C). We then assigned 278 
individual gene names to pear PLDs using the nomenclature and numbering 279 
conventions for Arabidopsis and rice (Oryza sativa). Seven of the 18 PLD 280 
genes were highly expressed in pollen, as revealed by RT-qPCR (Figure 6A). 281 
However, only PbrPLDδ1, encoding an enzyme associated with the plasma 282 
membrane (Supplemental Figure 9), was expressed at significantly higher 283 
levels in response to challenge with incompatible S-RNase; by contrast, the 284 
expression of all other PbrPLD genes was unchanged in pear pollen exposed to 285 
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compatible PbrS-RNase (Figure 6A). These results suggest that SI-induced PA 286 
production in pear pollen is likely mediated by PbrPδDį1. 287 
To confirm the contribution of PbrPδDį1 to SI-induced PA production, we 288 
employed the antisense (as) oligodeoxynucleotide (ODN) method to specifically 289 
knock down the expression of PbrPLD genes in pear pollen, a technique that is 290 
widely used to specifically suppress target gene expression in pollen tubes 291 
(Estruch et al., 1994; Moutinho et al., 2001; de Graaf et al., 2006; Pleskot et al., 292 
2010). After as-ODN treatment, the expression levels of target genes 293 
decreased by more than 65% compared with the control and samples treated 294 
with sense-ODNs (Supplemental Figure 10A, B). Moreover, the use of PbrPLD 295 
gene-specific ODNs only inhibited the expression of specific PbrPLD genes and 296 
did not affect any other PbrPLD genes in pollen (Supplemental Figure 10C). 297 
The specific knockdown of PbrPLDδ1 resulted in a significant decrease in 298 
SI-induced PA and PBut production, whereas knockdown of PbrPLDα1 or 299 
PbrPLDβ1 had no effect on PA or PBut levels (Figure 6B, C, D). These results 300 
indicate that SI-induced PA is specifically mediated by PbrPLDδ1 in pear pollen. 301 
 302 
PbrPLDδ1-derived PA delays SI-induced PCD in pollen tubes  303 
We then assessed the potential roles of PbrPδDį1 and PA in SI-induced PCD in 304 
pear pollen tubes. Unexpectedly, specific knockdown of PbrPLDδ1 accelerated 305 
pollen tube death during the early stages of SI (Figure 7A, B). This acceleration 306 
was alleviated by the addition of β0 με exogenous PA during SI (Figure 7B). 307 
The timing of pollen tube death and the effect of PbrPδDį1 on timing were 308 
confirmed using fluorescein diacetate (FDA), a pollen viability marker 309 
(Supplemental Figure 11A, B). These results suggest that an increase in 310 
PbrPδDį1 activity and associated PA levels delays the PCD response after 311 
incompatible PbrS-RNase challenge. To further investigate whether 312 
 12 
 
PLD-derived PA is involved in this reaction, we treated pollen with both 313 
incompatible PbrS-RNase and 1-butanol. The time needed to trigger PCD was 314 
significantly shorter compared to pollen treated with incompatible PbrS-RNase 315 
alone (Figure 7C), whereas the addition of exogenous PA to the incompatible 316 
PbrS-RNase/1-butanol reaction mixture partially alleviated the effect of 317 
1-butanol (Figure 7C), with an optimal concentration of β0 με PA 318 
(Supplemental Figure 12). The PCD ratios of pollen tubes treated with 319 
2-butanol or t-butanol were similar to those of the control (Figure 7D), 320 
suggesting that PLD-derived PA plays a pivotal role in the SI response in pear. 321 
However, knockdown of PbrPLDα1 or PbrPLDβ1 expression did not affect the 322 
timing of pollen tube PCD during an SI challenge (Figure 7D). These results 323 
indicate that PbrPLDδ1 expression is specifically induced in pollen tubes upon 324 
SI challenge, and they suggest that PbrPδDį1 plays a role in the timing of 325 
signaling events mediated by PA upon SI challenge.  326 
To examine whether other acidic lipids are involved in regulating SI, we 327 
treated samples with inositol-1,4,5-trisphosphate (IP3), 328 
phosphatidylinositol-3-phosphate (PI3P), phosphatidylinositol-4-phosphate 329 
(PI4P), phosphatidylinositol-5-phosphate (PI5P), 330 
phosphatidylinositol-3,4-phosphate (PI(3,4)P2), 331 
phosphatidylinositol-3,5-phosphate (PI(3,5)P2), 332 
phosphatidylinositol-4,5-phosphate (PI(4,5)P2), 333 
phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3), sphingosine-1-phosphate 334 
(S1P), and PA and examined their effects on growth (Figure 7E) and PCD 335 
(Figure 7F) in incompatible pollen tubes. PA significantly rescued SI-induced 336 
growth arrest and mitigated SI-induced PCD, whereas the other acidic lipids 337 
had negligible effects on SI signaling. These findings indicate that PA is an 338 
acidic lipid that specifically provides pollen tubes with a basic level of protection 339 
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against PbrS-RNase-triggered PCD. 340 
 341 
PbrPLDδ1-derived PA reduces SI-induced PCD by stabilizing the actin 342 
cytoskeleton  343 
Depolymerization of the actin cytoskeleton during the early stages of the SI 344 
response is thought to play a decisive role in PCD induction in pollen (Thomas 345 
et al., 2006; Wang et al., 2010). Furthermore, PA might help stabilize the actin 346 
cytoskeleton (Pleskot et al., 2012; Pleskot et al., 2013). Our results suggest that 347 
an increase in PbrPδDį1-derived PA levels extends the lifespan of 348 
self-incompatible pollen tubes. We therefore hypothesized that PA might affect 349 
actin cytoskeleton dynamics during the early stages of the SI response. 350 
Disruption of actin cytoskeleton dynamics in control self-incompatible pollen 351 
tubes (i.e., 50% of actin showing depolymerization) was observed after 25.2 ± 352 
1.9 min after SI challenge. However, in PbrPLDδ1-knockdown pollen tubes, 50% 353 
of the actin cytoskeleton had depolymerized at 14.1 ± 1.1 min after the SI 354 
challenge (Figure 8A, B). This acceleration of actin depolymerization was 355 
reversed in PbrPLDδ1-knockdown pollen tubes by the addition of exogenous 356 
PA (Figure 8A, B). Similar results were obtained by measuring changes in 357 
fluorescence intensity in actin filaments (Figure 8C). 1-Butanol treatment also 358 
significantly accelerated depolymerization of the actin cytoskeleton, but 359 
2-butanol or t-butanol did not change the speed of actin depolymerization 360 
during SI response (Supplemental Figure 13). The time required for 50% actin 361 
depolymerization did not change in PbrPLDα1- or PbrPLDβ1-knockdown pollen 362 
tubes after SI challenge (Supplemental Figure 13). However, co-incubation with 363 
PA did not directly inhibit actin filament depolymerization by PbrS-RNase 364 
(Figure 8D), suggesting that stabilization of the actin cytoskeleton by PA during 365 
the early stages of SI challenge is mediated by additional PA target factors in 366 
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the pollen tube.  367 
 368 
DISCUSSION 369 
The key role of S-RNase in determining the rejection of self-incompatible pollen 370 
has been known for more than two decades, and the role of S-RNases in 371 
degrading rRNA in self-incompatible pollen tubes is also well established. The 372 
results of the present study provide evidence that PbrS-RNases play additional 373 
roles in severing actin filaments during the SI response. We demonstrated that 374 
PbrS-RNase directly interacts with PbrActin1, causing the actin cytoskeleton to 375 
depolymerize and inducing PCD in self-incompatible pear pollen tubes. In 376 
addition, we showed that the actin-depolymerization activity of PbrS-RNase is 377 
not associated with its RNase activity. During the early stages of PbrS-RNase 378 
signaling, we observed a specific increase in PbrPδDį1 expression and activity 379 
in self-incompatible pollen tubes, which resulted in an increase in PA levels. In 380 
turn, PbrPδDį1 postponed actin cytoskeleton depolymerization via PA, thus 381 
delaying self-incompatible pollen tube death. Thus, PbrActin1 is a direct target 382 
of PbrS-RNase in the pear pollen tube. We propose that PδDį activity and an 383 
increase in PA levels initially protect pollen tubes from PbrS-RNase signaling 384 
during the early stage of the SI response until PbrS-RNase levels and activity 385 
rise to the point of no return. 386 
 387 
PbrS-RNase directly interacts with actin PbrActin1 and depolymerizes the 388 
actin cytoskeleton in the pollen tube 389 
PbrS-RNases belong to the T2 family of RNases. Several members of this 390 
family have roles in addition to RNA degradation. For example, ACTIBIND and 391 
RNASET2 directly bind to actin to disrupt the actin cytoskeleton (Roiz et al., 392 
2006; Gundampati et al., 2012; Nesiel-Nuttman et al., 2015). However, an intact 393 
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actin cytoskeleton is required for multiple cellular functions (Li et al., 2015; 394 
Yanagisawa et al., 2015), and subtle modifications in actin cytoskeleton 395 
dynamics can determine cell survival or death (Thomas et al., 2006; 396 
Franklin-Tong and Gourlay, 2008). The SI response in pollen tubes is 397 
characterized by depolymerization of the actin cytoskeleton. For example, in the 398 
SI mechanism of poppy (Papaver rhoeas), PrsS, an S-protein in the pistil, acts 399 
as an extracellular ligand, triggering a rapid but transient increase in 400 
cytoplasmic free calcium levels, leading to the induction of actin 401 
depolymerization and ultimately PCD (Thomas et al., 2006). Previous studies in 402 
our laboratory (Liu et al., 2007; Wang et al., 2010) and the current results 403 
(Supplemental Figure 1A, B) demonstrate that the dynamics of the actin 404 
cytoskeleton in pear pollen tubes is disturbed by the action of incompatible 405 
PbrS-RNase.  406 
Like ACTIBIND and RNASET2, PbrS-RNase directly interacts with actin 407 
(Supplemental Figure 1C), and the amino acid crucial for interaction with 408 
PbrActin1 is P156 (Figure 1A). The conservation of P156 among PbrS-RNase, 409 
ACTIBIND, and RNASET2 (Figure 1B) suggests that it is also likely a key site 410 
through which ACTIBIND and RNASET2 interact with actin. PbrS-RNase was 411 
found to interact directly with actin in the pollen of two other Rosaceae species, 412 
sweet cherry (Prunus avium; Matsumoto and Tao, 2012) and apple (Malus 413 
domestica; Meng et al., 2014). However, observations in Solanum chacoense 414 
suggest that the interaction between S-RNase and actin is mediated by the 415 
actin-binding protein eEF1A (Soulard et al., 2014). It should be noted that P156 416 
is located in the RC4 region of PbrS-RNase (Figure 1C); this region is, to some 417 
extent, unique to S-RNases in Rosaceae, suggesting that the RC4 domain and 418 
its importance in actin binding and depolymerization activity are different from 419 
those of S-RNase-based SI mechanisms found in other flowering plant species. 420 
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Furthermore, our co-incubation assay showed that both pistil-derived (Figure 2) 421 
and E. coli-expressed PbrS-RNase (Figure 3D and Supplemental Figure 5) can 422 
degrade the actin cytoskeleton. Nonetheless, the actin-depolymerization 423 
activity of PbrS-RNase is not necessary and does not affect its RNase activity 424 
(Figure 4), suggesting the existence of diverse targets of PbrS-RNase during 425 
the SI. These results suggest that two separate mechanisms in pear pollen 426 
likely induce PCD during SI response, i.e., RNA degradation and actin 427 
disassembly. 428 
429 
Interaction of PbrS-RNase with PbrActin1 does not rely on S-haplotype 430 
recognition 431 
The interaction of PbrS-RNase with PbrActin1 is not S-specific (Supplemental 432 
Figure 1C), suggesting that this interaction does not rely on S-haplotype 433 
recognition. Upon pollen tube growth in the pistil, S-RNases enter both 434 
compatible and incompatible tubes (Gray et al., 1991; Luu et al., 2000; Goldraij 435 
et al., 2006; Boivin et al., 2014). In compatible pollen tubes, S-RNases are 436 
degraded by the S-locus F-box protein (Qiao et al., 2004; Sijacic et al., 2004), or 437 
they remain compartmentalized in the pollen vacuole (Goldraij et al., 2006), 438 
suggesting that the level of actin depolymerization is low. Conversely, in 439 
incompatible pollen tubes, S-RNases remain in the cytoplasm or are released 440 
from vacuoles into the cytoplasm, inducing high levels of actin depolymerization. 441 
Thus, we suggest that the degree of depolymerization of the actin cytoskeleton 442 
depends on the level of PbrS-RNase in the cytoplasm of the pollen tube. In 443 
Papaver rhoeas, a ~50% reduction in F-actin levels by treatment with 444 
Latrunculin B, a chemical agent with specific actin cytoskeleton 445 
depolymerization activity, resulted in a high incidence of DNA fragmentation, 446 
even though F-actin levels returned to normal after the removal of Latrunculin B. 447 
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This finding indicates that ~50% of actin depolymerization represents an 448 
irreversible, “decision-making” step, pushing the pollen tube towards PCD 449 
(Thomas et al., 2006). In plant-pathogen systems, a zigzag model has been 450 
used to describe how the plant counteracts pathogen attack up to a point of no 451 
return. When a certain threshold is surpassed, the plant will be induced to 452 
undergo hypersensitive cell death (Jones and Dangl, 2006). Parallels exist 453 
between the SI in Rosaceae and nonhost immunity, as a fundamental feature of 454 
both processes is the ability to distinguish “self” from “non-self”, and both 455 
ultimately result in the triggering of PCD to eliminate undesirable pollen or cells 456 
(Sanabria et al., 2008).  457 
During SI in pear, the cessation of pollen tube growth generally occurs 458 
approximately halfway into the pistil. Thus, PbrS-RNase accumulates to a level 459 
at which depolymerization of the actin cytoskeleton is sufficient to induce PCD 460 
signaling in an incompatible pollen tube. However, in the early stage of SI in 461 
pear, i.e., when the pollen tube has not yet reached half the length of the pistil, 462 
PbrS-RNase levels in incompatible pollen tubes are low, and the 463 
PbrS-RNase-induced degree of actin depolymerization is not sufficient to 464 
induce PCD signaling and can be rescued by PbrS-RNase-elicited PA (see 465 
below). This process would delay the SI signaling pathway, leading to pollen 466 
tube death in incompatible pollen tubes when PbrS-RNase accumulates to 467 
sufficient levels. 468 
469 
PbrPLDδ1-derived PA mitigates PbrS-RNase cytotoxicity by stabilizing 470 
the actin cytoskeleton  471 
Plants have evolved complex protective mechanisms against invasion. We 472 
have produced several lines of evidence suggesting that PbrPδDį1-derived PA 473 
initially mediates a defense response against PCD signaling in the pollen tube 474 
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promoted by PbrS-RNase. Firstly, 1-butanol, an inhibitor of PLD-dependent PA 475 
production, accelerates PCD signaling in self-incompatible pollen tubes (Figure 476 
7C). Secondly, PbrPδDį1 is the sole pollen-expressed PLD shown to be 477 
directly involved in the PbrS-RNase-specific signaling pathway in pear, despite 478 
the expression of six other PbrPLD genes in pear pollen tubes (Figure 6). 479 
Specific inhibition of PbrPδDį1 expression via as-ODN silencing impaired 480 
SI-induced PA production and accelerated PCD in self-incompatible pollen 481 
tubes (Figure 6, 7). Moreover, complementation assays in which PA was added 482 
to pollen cultures alleviated the accelerated death of PbrPLDδ1-as-ODN pollen 483 
tubes during the SI response (Figure 7B). These results are important for 484 
determining the mechanism of PLD action, as other products are generated in 485 
addition to PA. However, as we did not observe a direct interaction between 486 
PbrS-RNase and PbrPδDį1 (Supplemental Figure 14), the association 487 
between incompatible PbrS-RNase and PbrPδDį1 in pollen remains to be 488 
elucidated. 489 
The cytoskeleton is one of the most important targets of PLD/PA (Pleskot et 490 
al., β01β; Pleskot et al., β01γ). The ability of PδDį and its product, PA, to 491 
regulate microtubule cytoskeletal dynamics might contribute to plant resistance 492 
to non-host powdery mildew fungal penetration (Pinosa et al., β01γ). AtPδDį 493 
directly interacts with actin to modulate fundamental cellular processes 494 
(Angelayy et al., 2009), and our findings indicate that the protection of the actin 495 
cytoskeleton in self-incompatible pollen tubes by PbrPδDį1 is mediated by its 496 
product, PA. The increased PA levels might slow the depolymerization of the 497 
actin cytoskeleton elicited by SI (Figure 8). However, our results show that 498 
PbrPδDį1-derived PA is unable to reverse depolymerization of the actin 499 
cytoskeleton or to halt cell death in self-incompatible pollen tubes, pointing to 500 
the existence of other signaling pathways that terminate the growth of 501 
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self-incompatible pollen tubes. Based on our data, we propose that 502 
PbrPδDį1-derived PA plays a protective role in pear pollen tubes during the 503 
early stages of SI signaling, thus providing a connection between PLD/PA and 504 
SI. PLD/PA may be a key player in the recently proposed molecular mechanism 505 
described by the “all-or-nothing” or “S-RNase threshold phenomenon” 506 
hypothesis, which suggests that the SI response requires the presence of a 507 
minimum concentration of incompatible S-RNase in the pollen tube to ultimately 508 
trigger PCD (Soulard et al., 2014). Our findings are also consistent with the 509 
notion that PδDį suppresses cell death in plants (Zhang et al., β00γ; δi et al., 510 
2004). Overall, our identification of the role of PbrPδDį1 not only opens up a 511 
new avenue for studying S-RNase-based SI, but it also sheds light on the 512 
molecular nature of PδDį-derived PA in response to biological stimuli. 513 
In summary, we propose a model of a protective mechanism in pollen 514 
involving PbrS-RNase-mediated signaling during the early stages of the SI 515 
response. According to this model, a PbrS-RNase-induced increase in PA 516 
levels, as elicited by PbrPδDį1 activity, initially hinders depolymerization of the 517 
actin cytoskeleton and protects pollen tubes against PCD (Figure 9). This 518 
pathway may be part of a protective “all-or-nothing” mechanism in pollen 519 
against PCD signaling that protect the pollen until sufficient incompatible 520 
PbrS-RNase activity ultimately triggers the induction of self-incompatible pollen 521 
tube death. 522 
 523 
MATERIALS AND METHODS 524 
Plant materials  525 
Pollen and styles were collected from two pear (Pyrus bretschneideri) cultivars 526 
with different S-genotypes: ‘Dangshansuli’ (S7S34) and ‘Cuiguan’ (S3S5). 527 
PbrS-RNase were extracted and purified from styles as previously described 528 
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(Zhang and Hiratsuka, 2000). The concentration and activity of the PbrS-RNase 529 
extracts were determined as described previously (Brown and Ho, 1986). 530 
 531 
Pollen culture, SI challenge, and incubation in PA 532 
‘Dangshansuli’ pollen was cultured in medium containing the following 533 
components: 5 mM 2-(N-morpholino)ethanesulfonic acid hydrate (MES), 440 534 
mM sucrose, 0.55 mM Ca(NO3)2, 1.60 mM MgSO4, 1.60 mM H3BO3, and 1.00 535 
mM KNO3, pH 6.5 (adjusted with Tris). ‘Dangshansuli’ stylar PbrS-RNase 536 
(S7S34) and ‘Cuiguan’ stylar PbrS-RNase (S3S5) were used as the incompatible 537 
and compatible treatments, respectively. The final concentration of PbrS-RNase 538 
used in the experiments was 0.15 U. After evaporating the chloroform solvent, 539 
PA was dissolved in culture medium and dispersed via 10 min of sonication in a 540 
water bath to form micelles. Pollen tubes were pre-incubated with β0 με PA for 541 
10 min before adding PbrS-RNase or 1-butanol. 542 
 543 
32Pi PA labeling, extraction, and analysis  544 
A PA level dynamic assay was performed as described previously (Zonia and 545 
Munnik, 2004). At the start of culture, PA in pollen tubes was labeled with 200 546 
µCi/mL carrier-free 32PO43– (PerkinElmer, Norwalk, CT, USA) for 4 h prior to 547 
treatment. The reaction was stopped by adding 50 μL 50% (v/v) perchloric acid 548 
to 450 μL pollen suspension and immediately freezing the sample in liquid 549 
nitrogen (N2). After thawing, the samples were vortexed for 1 min and 550 
centrifuged at 9,000 × g for 2 min, and the supernatant was removed. To extract 551 
the lipids in the supernatant, 750 μL CHCl3:MeOH:HCl (50:100:1, v/v) was 552 
added, and the mixture was vortexed for 5 min prior to freezing again in liquid 553 
N2. After thawing, the samples were immediately vortexed and centrifuged as 554 
before. Subsequently, 750 μL CHCl3 and β00 μL 0.9% (w/v) NaCl were added 555 
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to the samples, followed by vortexing and centrifugation. The aqueous upper 556 
phase was removed, and the organic lower phase was transferred to a new 557 
tube containing 750 μL CHCl3:MeOH:1 N HCl (3:48:47; v/v). After vortexing and 558 
centrifuging, the upper phase was again discarded before adding β0 μL 559 
isopropanol. Finally, the lipid extracts were dried by vacuum centrifugation and 560 
dissolved in β0 μL CHCl3. 561 
Silica-60 thin layer chromatography plates (Merck, Darmstadt, Germany) 562 
were used to quantify lipid contents. To this end, an ethyl acetate-based solvent 563 
composed of ethyl acetate: iso-octane: formic acid: water (13:2:3:10; v/v) was 564 
used as the mobile phase during chromatography for PBut and PA. Since it is 565 
difficult to obtain pure, radiolabeled PA and PBut, radiolabeled phospholipids 566 
are often extracted from hyperosmotically stimulated Chlamydomonas 567 
moewusii or tobacco pollen tubes and used as standards (Zonia and Munnik, 568 
2004). Thus, in this study, to indicate the exact positions of PA and PBut 569 
produced from pear pollen on the thin layer chromatography plate, we used 570 
radiolabeled lipids from tobacco pollen tubes as standards. Radioactivity was 571 
measured by autoradiography (X-Omat S, Eastman-Kodak, Rochester, NY, 572 
USA) and quantified by phosphorimaging (Storm, Molecular Dynamics, 573 
Sunnyvale, CA, USA). Plot analysis using ImageJ software was performed to 574 
quantify the 32PA and 32PBut contents in each sample. To compare 32PA and 575 
32PBut values after perturbation, the experimental values were normalized to 576 
that of the control. 577 
578 
Identification and phylogenetic analysis of the PLD gene family in pear 579 
Genomic and publicly available annotated protein databases for pear (P. 580 
bretschneideri) were downloaded from the pear genome project 581 
(http://peargenome.njau.edu.cn/). Multiple strategies were used to search for 582 
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members of the PLD family in pear. First, searches with the keyword 583 
“Phospholipase D” were performed against the annotated pear protein 584 
databases. Second, Hidden Markov Model searches (HMMsearch) with the 585 
HKD domain HMM profile (PF00614) for proteins with catalytic functions of PLD 586 
that are highly conserved in each plant species were conducted, and all 587 
significant hits (HMMER E value < e-5) were subsequently evaluated. Finally, 588 
Arabidopsis thaliana and Oryza sativa PLD protein sequences were used as 589 
queries in exhaustive BLAST searches with standard parameters until there 590 
was convergence with the pear protein data. All PLD protein sequences were 591 
again analyzed using the InterProScan5 database 592 
(http://www.ebi.ac.uk/interpro/search/sequence-search) to verify the presence 593 
of the HKD domain; protein sequences lacking this domain were removed. Pear 594 
PLDs were named based on the nomenclature established for the A. thaliana 595 
and Oryza sativa PLD families. The amino acid sequences of the selected 596 
PLDs were aligned with Clustal X and the alignment is provided in 597 
Supplemental File 1. ProtTest was used to evaluate the best model of 598 
substitution to infer the optimal phylogeny. Phylogenetic trees were produced 599 
via the Maximum Likelihood method in MEGA6.1 using the best amino acid 600 
substitution model. Bootstrapping was carried out with 1000 iterations using the 601 
parameters p-distance and partial deletion with 95% site coverage cutoff option. 602 
 603 
Reverse transcription quantitative PCR (RT-qPCR) 604 
RT-qPCR analysis was performed following Minimum Information for 605 
Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines 606 
(Bustin et al., 2009). Supplemental Table 1 shows the primers used in this study. 607 
Total RNA was extracted using the TRIzol reagent (Takara, Shiga, Japan) 608 
according to the manufacturer’s instructions. RNA quality was assessed 609 
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according to OD 260/280 > 2.0, OD 260/230 > 1.8, and gel electrophoresis. 610 
Equal amounts of total RNA (β μg) were treated with DNase I to eliminate 611 
genomic DNA contamination and used as templates for cDNA synthesis using a 612 
PrimeScript RT Reagent Kit (Perfect Real Time; Takara). To assess gDNA 613 
contamination, amplification of PbrEF1α using a primer that spanned an intron 614 
(Chen et al., 2015) was performed for all cDNA samples. Subsequently, β0 μL 615 
of the mixture, corresponding to 5 ng of total cDNA was used per PCR (Takara 616 
SYBR PrimeScript RT-PCR Kit for Perfect Real Time) with a Roche LightCycler 617 
480II system following the manufacturer’s instructions. δin-RegPCR was used 618 
to calculate the efficiency of the primers during RT-qPCR. The expression 619 
levels of PLD genes in all samples were determined based on their cycle 620 
threshold values (Cts). 621 
622 
Antisense-ODN (as-ODN) silencing of PbrPLD expression  623 
The as-ODN experiment was performed as previously described (Pleskot et al., 624 
2010). ODN sequences targeting PbrPLDs were designed using the RNA fold 625 
Web Server (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). Soligo software 626 
(http://sfold.wadsworth.org/soligo.pl) was used to evaluate candidate as-ODN 627 
sequences for suitable target regions. The three candidate as-ODNs with the 628 
highest scores and their corresponding sense-ODNs (s-ODNs) for each PLD 629 
were synthesized using phosphorothioate and purified by high-performance 630 
liquid chromatography. A premix of ODN/cytofectin complexes was incubated in 631 
cultivation medium for 15 min before adding the mixture to the pollen culture to 632 
a final concentration of 50 µM ODN. After the addition of 15 µg/mL ODN, the 633 
pollen was cultivated in this mixture for 4 h. The as-/s-ODN pairs were tested for 634 
their effect on the relative expression levels of target genes, and the most 635 
effective pair (marked #1 in Supplemental Table 1) was used for further 636 
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analysis. 637 
 638 
Evaluation of PCD in pear pollen tubes  639 
PCD was evaluated by TUNEL staining as described previously (Wang et al., 640 
2009). After fixing the samples in 4% paraformaldehyde for 2 h, the pollen tubes 641 
were transferred to 70% ethanol for at least 4 h at –20°C. The samples were 642 
then washed with phosphate-buffered saline (pH 7.4) and stained using the 643 
Dead End Fluorometric TUNEL System (Promega, Madison, WI, USA) per the 644 
manufacturer’s instructions. After TUNEδ staining, the samples were washed 645 
with citrate buffer (pH 4.1) and stained with 0.05 µg/mL 646 
4',6-diamidino-2-phenylindole (DAPI; Sigma, St. Louis, MO, USA). Positive 647 
TUNEL staining in pollen tubes indicated PCD. 648 
 649 
PbrS-RNase point mutants and the Y2H assay  650 
The full-length PbrS-RNase sequence (without the signal peptide) was 651 
introduced into the pMD 19-T vector (Takara). Point mutations were introduced 652 
into PbrS7-RNase using a QuikChange site-directed mutagenesis kit 653 
(Stratagene, California, USA). After the mutation was confirmed by sequencing, 654 
the mutagenic gene was transferred into the pGBKT7 vector for the Y2H assay. 655 
To confirm interactions between PbrPδDį1, PbrS7-RNase (without the signal 656 
peptide), PbrS34-RNase (without the signal peptide), and PbrActin1, the 657 
full-length or truncated gene was cloned into the EcoRI and SalI sites of the 658 
pGBKT7 vector or the EcoRI and XhoI sites of the pGADT7 vector 659 
(Supplemental Table 1). AH109 yeasts cells were co-transformed using the 660 
LiCl-PEG method and grown on selection plates with SD/–Leu–Trp (–W, –L) 661 
medium to select co-transformed cells and SD/–Trp–Leu–His–Ade (–W, –L, –H, 662 
–A) medium with 15 mM 3-AT to monitor protein interactions. BD-BK53 and 663 
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AD-SV40 were used as positive controls and BD-Lam and AD-SV40 as 664 
negative controls. Positive interaction between PbrS-RNase and PbrActin1 was 665 
confirmed by a filter assay to detect 666 
5-bromo-4-chloro-3-indolyl-ȕ-D-galactopyranoside acid (X-gal) (80 µg/mL)667 
activity. The interaction strength was quantified based on ȕ-galactosidase 668 
activity using o-nitrophenyl-ȕ-D-galactopyranoside as the substrate. The 669 
precise protocols were provided by Clontech Laboratories Inc. (Palo Alto, CA, 670 
USA). 671 
672 
Production of PbrS7-RNase recombinant proteins in E. coli  673 
The DNA sequence corresponding to PbrS7-RNase was amplified by PCR and 674 
inserted into the pCold-TF expression vector to create His-tagged recombinant 675 
PbrS7-RNase protein. The Trigger Factor (TF) chaperone in this vector is used 676 
as a soluble tag; the molecular weight of TF-His tag is approximately 48 kDa. 677 
Protein expression was induced in E. coli Rosetta (DE3) cells. Recombinant E. 678 
coli cells were incubated at 37°C overnight in the presence of the appropriate 679 
antibiotics, each diluted 1:30 in LB medium (10 mL overnight culture solution 680 
added to 290 mL LB medium). The culture was allowed to grow for an additional 681 
1–3 h at 37°C with shaking at 200 rpm. When the OD600 of the culture reached 682 
0.4–0.8, the culture was quickly cooled to 15°C in ice water and incubated for 683 
30 min. After the addition of 0.5 mM isopropyl-ȕ-D-thiogalactosidase (IPTG) 684 
(Sigma, St. Louis, MO, USA), the culture solution was incubated with shaking at 685 
15°C for 24 h to allow the recombinant protein to be expressed. The culture was 686 
transferred to a falcon tube and centrifuged at 12,000 × g for 15 min to harvest 687 
the cells. The cells were incubated in a rotary device at room temperature (RT) 688 
for 20 min and sonicated on ice, (3 x 5 s), with a 30 s rest between each pulse 689 
to allow for cooling. The cell lysate was centrifuged (12,000 rpm, 15 min) at 4°C, 690 
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and the supernatant was transferred to a fresh tube. Protein loading dye (5x) 691 
was added to each sample before analysis by sodium dodecyl sulfate gel 692 
electrophoresis (SDS-PAGE).  693 
To purify the PbrS7-RNase recombinant protein from E. coli, the 694 
supernatant containing soluble protein was loaded onto a column containing 2 695 
mL Ni-NTA His Bind resin (Novagen, Madison, WI USA) and washed with 30 mL 696 
binding buffer (500 mM NaCl, 20 mM Tris-HCl, 5 mM imidazole, pH 7.9) and 40 697 
mL wash buffer (500 mM NaCl, 40 mM imidazole, 20 mM Tris-HCl, pH 7.9) prior 698 
to elution with 40 mL elution buffer (70 mM imidazole, 500 mM NaCl, 20 mM 699 
Tris-HCl, pH 7.9). The eluate was dialyzed (Spectra/por membrane molecular 700 
cutoff 50 kDa) against dialysis buffer (25 mM Tris-HCl, pH 8.0) at 4ºC for 16 h.  701 
Site substitution mutants of PbrS7-RNase (116H/116R, 149L/149A, 702 
154I/154A, 156P/156A) and PbrS34-RNase (116H/116R, 149L/149A, 154I/154A, 703 
156P/156A) were constructed using the Fast Mutagenesis System (TransGen 704 
Biotech). Mutagenic primers were designed according to the manufacturer’s 705 
instructions using GenBank sequences for PbrS7-RNase (P. bretschneideri 706 
S7-RNase; AB002143.1) and PbrS34-RNase (P. bretschneideri S34-RNase; 707 
DQ414813.1). The primers used are shown in Supplemental Table 1. 708 
709 
Crystal structure graphics 710 
Protein Data Bank (PDB) entries for RNase T2 proteins were downloaded from 711 
the RCSB Protein Data Bank (http://www.rcsb.org/pdb/home/home.do). 712 
Graphical models of the structures of these proteins were produced with the 713 
PyMOL program (PyMOL molecule rendering; https://pymol.org) (Mura et al., 714 
2010). 715 
716 
Calculation of the equilibrium dissociation constant (Kd) 717 
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Using recombinant PbrS-RNases, Kd for the binding of PbrS-RNase to F-actin 718 
was estimated via co-sedimentation reactions with 0.5 με (corresponding to 15 719 
μg/mL) PbrS7-RNase and increasing concentrations of phalloidin-stabilized 720 
F-actin according to a previous report (Khurana et al., 2010). Following721 
high-speed centrifugation, the percentage of S7-RNase in the pellet was 722 
determined by densitometry. The data were plotted as a function of the actin 723 
concentration and fitted with a hyperbolic function to estimate Kd values using 724 
KaleidaGraph v3.6 software (Synergy Software, http://www.synergy.com). 725 
726 
Depolymerization assays and quantification of filamentous actin levels in 727 
vivo 728 
An F-actin depolymerization assay was conducted and the amount of F-actin 729 
present in the samples was quantified as previously described (Huang et al., 730 
2006). After each reaction, the pollen samples were stabilized in 200 µM 731 
MES-buffered saline (MBS) and fixed in 4% paraformaldehyde. The samples 732 
were then stained individually with 5 µM rhodamine-phalloidin for the 733 
depolymerization assay or simultaneously with 5 µM rhodamine-phalloidin and 734 
5 µM ethidium bromide (EB) for the quantification assay. A Zeiss LSM700 735 
confocal microscope (Zeiss, Oberkochen, Germany) was used to examine the 736 
levels of actin depolymerization, and phalloidin fluorescence divided by EB 737 
fluorescence was used as an index for actin filament levels. The bound 738 
phalloidin and EB were eluted with methanol and quantified by 739 
spectrofluorometry with excitation and emission wavelengths of 492 and 514 740 
nm, respectively for phalloidin and 513 nm and 615 nm, respectively for EB. 741 
742 
Dynamic depolymerization assay and microscopy detection of actin 743 
filaments in vitro 744 
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A dynamic depolymerization assay and microscopy detection of actin filaments 745 
in vitro were conducted as previously reported (Huang et al., 2006). F-actin at 746 
0.5 mM (50% pyrene-labeled) was mixed with different concentrations of 747 
PbrS-RNase for 5 min and diluted 50-fold in a polymerization solution of 1× 748 
KMEI (500 mM KCl, 10 mM MgCl2, 10 mM EGTA, and 100 mM imidazole-HCl, 749 
pH 7.0) at room temperature. The decrease in pyrene fluorescence concomitant 750 
with actin depolymerization was monitored for 60 min after dilution. After being 751 
assembled from 0.5 mM G-actin for 60 min, preformed F-actin was incubated 752 
with PbrS-RNase in 1× KMEI for different times and stained with 0.5 mM 753 
rhodamine-phalloidin for an additional 15 min. The F-actin was the diluted 754 
25-fold in fluorescence buffer containing 1 mM MgCl2, 50 mM KCl, 100 mM DTT,755 
10 mM imidazole, 0.5% methylcellulose, 20 µg/mL catalase, 15 mg/mL glucose, 756 
and 100 µg/mL glucose oxidase at pH 7.0 and transferred to a coverslip coated 757 
with poly-L-lysine (0.01%) for observation under a Zeiss LSM700 laser confocal 758 
microscope (Zeiss, Oberkochen, Germany) with a 100×/1.45 oil objective. 759 
760 
TIRF microscopy 761 
The actin filament-severing assays were performed using a previously 762 
described procedure, with minor modifications (Chaudhry et al., 2013). 763 
Preformed F-actin (polymerized from 0.5 mM rhodamine-labeled G-actin) was 764 
equilibrated in 1× TIRF buffer (1 mM MgCl2, 50 mM KCl, 0.2 mM ATP, 1 mM 765 
EGTA, 10 mε DTT, 10 mε imidazole, 15 mε glucose, β0 μg/mL catalase, 0.5% 766 
methylcellulose, and 100 μg/mL glucose oxidase, pH 7.4) and added to a flow 767 
cell coated with myosin. After ~4 min, the reaction mixture was replaced with 1× 768 
TIRF buffer containing 0.15 U PbrS-RNase by wicking. The samples were 769 
observed by spinning-disc confocal microscopy (Yokogawa, Yokogawa Electric 770 
Corporation, Tokyo, Japan) with a 100×/1.45 oil objective. Time-lapse images 771 
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were collected every 60 s for 600 s by TIRF microscopy. The average severing 772 
frequency was surveyed using ImageJ. 773 
774 
Statistical analysis 775 
All experimental data are the averages of at least three independent replicates 776 
and are shown as the mean ± standard error (SE). The data were analyzed 777 
using SPSS software, and statistical differences were compared based on 778 
Student's t-test for two groups of samples and ANOVA for multiple samples. 779 
ANOVA tables are provided in Supplemental Data Set 1. For multiple 780 
comparisons, Tukey’s honestly signiﬁcant difference test was carried out. 781 
782 
Accession Numbers 783 
The complete sequences of PbrPLDδ1 and PbrActin1 have been deposited in 784 
the GenBank data libraries under accession numbers KY694375 and 785 
KY694376, respectively. 786 
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Figure Legends 1056 
Figure 1. The RC4 domain of PbrS-RNase is critical for interaction with 1057 
PbrActin1 1058 
(A) Dissection of the functional domains of PbrS7-RNase required for1059 
interaction with PbrActin1 in Y2H assays. The wedge indicates the gradient 1060 
dilution at 1, 0.1, 0.01. A positive interaction between PbrS-RNase and actin 1061 
was confirmed by a filter assay. The interaction strength was quantified based 1062 
on ȕ-galactosidase activity. The experiments were repeated four times, with 1063 
similar results. Asterisks indicates significant statistical difference between 1064 
wild-type PbrS7-RNase and P156A mutation as evaluated by ANOVA and 1065 
Tukey’s test: **p < 0.01; error bars indicate SE. 1066 
(B) Sequence alignment of PbrS7-RNase, PbrS34-RNase, Aspergillus niger1067 
ACTIBIND, and human RNASET2. The black line represents the RC4 domain 1068 
of PbrS-RNase. The red box represents the sequence of ACTIBIND identified 1069 
as binding to actin.  1070 
(C) Superimposition of the structures of the RNase-binding actin domains of1071 
PbrS7-RNase (blue), PbrS34-RNase (green), ACTIBIND (purple), and 1072 
RNASET2 (yellow). The ACTIBIND protein (PDB entry 3d3z) was used as a 1073 
crystal structure model. 1074 
1075 
Figure 2. PbrS-RNase directly depolymerizes actin filaments 1076 
(A) PbrS7-RNase depolymerizes F-actin in a concentration-dependent manner.1077 
Depolymerization of actin was monitored based on the decrease in pyrene 1078 
fluorescence. The figure shows the results from a representative experiment (n 1079 
= 5).  1080 
(B–C) Addition of 0.15 U PbrS7-RNase results in actin filament 1081 
depolymerization. Micrographs and the mean actin filament length (each 1082 
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experiment consisting of ≥β00 determinations) are shown in (B) and (C), 1083 
respectively. Bar = β μm. Different letters indicate significant differences, as 1084 
determined by ANOVA followed by Tukey’s multiple comparison test (p < 0.05; n 1085 
= 3; error bars indicate SE). 1086 
(D) 0.15 U of PbrS7-RNase significantly increases severing events in actin 1087 
filaments compared with the control, as determined by total internal reflection 1088 
fluorescence (TIRF) microscopy analysis. F-actin was assembled from 0.5 με 1089 
G-actin (FITC-phalloidin labeled) and attached to glass slides coated with 1090 
myosin. At the treatment times (vertical red arrow), the reaction mixture was 1091 
replaced with 0.15 U PbrS7-RNase. Bar = 1 μm. The white arrows indicated the 1092 
depolymerization sites of the F-actin. 1093 
(E) Quantification of the depolymerizing efficiencies of PbrS7-RNase shown in 1094 
(D). ‘***’ suggests p < 0.001 by Student’s t-test compared between －1095 
PbrS7-RNase and +PbrS7-RNase. Error bars indicate SE. 1096 
 1097 
Figure 3. Recombinant PbrS-RNase binds to F-actin and depolymerizes 1098 
the actin cytoskeleton in an S-specific manner 1099 
(A) Purified PbrS-RNases from E. coil. PbrS7-RNase and PbrS34-RNase were 1100 
fused with the TF-His tag and expressed in E. coli Rosetta (DE3) cells. Proteins 1101 
were separated by 10% SDS-PAGE, followed by Coomassie blue staining. The 1102 
solid black arrow indicates the protein band corresponding to PbrS-RNases, 1103 
and the unfilled arrow indicates TF-His tag expressed by the empty vector.  1104 
(B) Recombinant PbrS-RNases retain RNase activity. Correlation analysis was 1105 
used to estimate the RNase efficiency of the purified PbrS-RNases toward 1106 
yeast RNA. The correlation coefficients (R2) for PbrS7-RNases (blue) and 1107 
S34-RNase (red) were greater than 0.97, demonstrating their efficiency; 10 μg 1108 
(corresponding to 0.15 U enzymatic activity) PbrS-RNase was utilized for 1109 
41 
treatment in subsequent analyses. 1110 
(C) High-speed co-sedimentation assays to determine the apparent affinity of1111 
PbrS7-RNase binding to F-actin. Various amounts of phalloidin-stabilized 1112 
F-actin were combined with 0.5 με (corresponding to 15 μg/mL) PbrS7-RNase.1113 
The amount of bound protein in the pellet was determined by densitometry. The 1114 
percentage of bound PbrS7-RNase was plotted against the concentration of 1115 
actin and fitted with a hyperbolic curve.  1116 
(D) Recombinant PbrS-RNases induce F-actin depolymerization in1117 
self-incompatible pollen tubes. Typical images of actin cytoskeletal 1118 
configuration in pollen tubes after 30 min of various treatments are shown. Bar 1119 
= 20 µm.  1120 
(E) Quantification of pollen tubes showing F-actin depolymerization in response1121 
to 30 min of various treatments. Purified PbrS-RNase causes a significant 1122 
increase in F-actin depolymerization. Different letters indicate significant 1123 
differences, as determined by ANOVA followed by Tukey’s multiple comparison 1124 
test (p < 0.05; n = 4); error bars indicate SE.  1125 
1126 
Figure 4. The P156A mutation abolishes the actin-depolymerization 1127 
activity of PbrS-RNase  1128 
(A) Mutant PbrS7-RNases were expressed in E. coil and purified.1129 
(B) Mutation in the actin-binding domain of PbrS7-RNase has a negligible effect1130 
on RNase activity, whereas a mutation (H116R) in the catalytic site abolishes 1131 
the RNase activity of PbrS7-RNases (n = 3). 1132 
(C) The F-actin-depolymerization activity of mutated PbrS7-RNase monitored1133 
based on a decrease in pyrene fluorescence. PbrS7-RNase P156A lacks 1134 
actin-depolymerization activity. The figure shows the results from a 1135 
representative experiment (n = 5).  1136 
42 
(D-E) Mutant PbrS7-RNase depolymerizes F-actin based on microscopy 1137 
detection. Addition of the same concentration of mutated PbrS7-RNase for 60 1138 
min indicated that the P156A mutation abolishes actin 1139 
filament-depolymerization activity. Micrographs and the mean actin filament 1140 
length (each experiment consisting of ≥β00 determinations) are shown in (D) 1141 
and (E), respectively. Bar = β μm. Different letters in (E) indicate significant 1142 
differences, as determined by ANOVA followed by Tukey’s multiple comparison 1143 
test (p < 0.05; n = 3); error bars indicate SE. 1144 
(F) Treatment with the P156A mutant form of PbrS-RNase leads to a significant1145 
decrease in actin filament depolymerization in incompatible pollen after 30 min 1146 
of treatment. Different letters indicate significant differences, as determined by 1147 
ANOVA followed by Tukey’s multiple comparison test (p < 0.05; n = 4); error 1148 
bars indicate SE. 1149 
(G) Time course analysis showing that the P156A mutant form of PbrS-RNase1150 
mitigates incompatible pollen PCD (in median lethal time (LT50) analysis; p < 1151 
0.01 for the P156A mutant form of PbrS-RNase compared with wild-type 1152 
PbrS-RNase, by Student’s t-test; n = 4; error bars indicate SE). Experiment was 1153 
repeated four times; each experiment included at least 100 measurements.  1154 
1155 
Figure 5. Self-incompatible pollen tubes exhibit increased PA 1156 
accumulation  1157 
(A) Incompatible PbrS-RNase increases PA levels in pear pollen. Lane 1,1158 
control in the absence of PbrS-RNase. Lanes 2–5 show the results after 5, 10, 1159 
30, and 60 min of treatment with 0.15 U of compatible PbrS-RNase. Lanes 6–9 1160 
show the results after 5, 10, 30, and 60 min of treatment with 0.15 U of 1161 
incompatible PbrS-RNase. SC: compatible PbrS-RNase treatment. SI: 1162 
incompatible PbrS-RNase treatment. 1163 
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(B) Quantification statistics of the PA levels from (A). PA levels are expressed 1164 
as fold increases compared to control samples. PA levels significantly increased 1165 
after 5 min of SI treatment. Different letters indicate significant differences, as 1166 
determined by ANOVA followed by Tukey’s multiple comparison test (p < 0.05; n 1167 
= 3); error bars indicate SE. 1168 
(C) Thin layer chromatography (TLC) images of time-dependent increases in 1169 
PA and PBut levels after incompatible PbrS-RNase treatment. SL: structural 1170 
phospholipids, PBut: phosphatidylbutanol. 1171 
(D) Quantification statistics for the time course of increases in PBut and PA 1172 
levels. PA and PBut levels are expressed as fold increases compared to control 1173 
samples. Both PA and PBut levels in pollen tubes increased with similar kinetics 1174 
under incompatible PbrS-RNase treatment. All data are the means of three 1175 
independent experiments. Error bars indicate SE. 1176 
 1177 
Figure 6. The SI-induced increase in PA levels is mediated by PbrPLDδ1 in 1178 
pollen  1179 
(A) RT-qPCR analysis of PbrPLD expression in control and treated (compatible 1180 
and incompatible, 30 min) pollen samples at 4 h post-culture. PbrPLDδ1 mRNA 1181 
levels significantly increased in response to SI treatment. Asterisks indicates 1182 
significant statistical difference between SI treatment and mock as evaluated by 1183 
ANOVA and Tukey’s test: **p < 0.01; n = 4; error bars indicate SE. 1184 
(B) Images of PBut and PA signals for the three genotypes after 60 min of 1185 
incompatible PbrS-RNase treatment. Pear pollen was cultured for 4 h with 0.10% 1186 
(v/v) 1-butanol plus 50 µM antisense (as) or sense (s) ODNs targeting 1187 
PbrPLDα1, PbrPLDβ1, or PbrPLDδ1 before treatment.  1188 
(C) and (D) PA and PBut levels are expressed as percentages compared to 1189 
control samples. The as-ODN mediated knockdown of PbrPLDδ1 significantly 1190 
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decreased PA levels in samples showing an SI response at 60 min. Different 1191 
letters indicate significant differences, as determined by ANOVA followed by 1192 
Tukey’s multiple comparison test (p < 0.05; n = 3); error bars indicate SE. 1193 
 1194 
Figure 7. PbrPLDδ1-derived PA reduces SI-induced PCD in pollen tubes 1195 
(A) DNA fragmentation detected by TUNEL labeling. Images of negative (left) 1196 
and positive (right) TUNEL signals. DAPI staining showing that TUNEL-positive 1197 
signals correspond to nuclear DNA. Bar = 20 µm.  1198 
(B) Time-course analysis showing that antisense-mediated knockdown of 1199 
PbrPLDδ1 increases the sensitivity of pear pollen tubes to 1200 
PbrS-RNase-induced PCD (LT50 decreased from 62.3 ± 7.7 min in the wild-type 1201 
control to 29.8 ± 5.9 min in the PbrPLDδ1-knockdown group; p < 0.001, by 1202 
Student’s t-test; n = 3; error bars indicate SE). This effect was mitigated by the 1203 
addition of β0 με PA (δT50 is 53.2 ± 5.7 min; there is no significant difference 1204 
compared it with wild-type control, by Student’s t-test; n = 3; error bars indicate 1205 
SE).  1206 
(C) LT50 analysis revealing that the 1-butanol-mediated inhibition of PLD activity 1207 
significantly reduces LT50 times of pollen tube PCD, but this acceleration was 1208 
alleviated by the addition of β0 με exogenous PA during SI. Different letters 1209 
indicate significant differences, as determined by ANOVA followed by Tukey’s 1210 
multiple comparison test (p < 0.05; n = 3); error bars indicate SE.   1211 
(D) Quantification of PCD in pollen tubes after 60 min of various treatments. 1212 
Knockdown of PbrPLDδ1 and the addition of 0.25% 1-butanol led to a 1213 
significant increase in cell death. Experiment was repeated three times; each 1214 
experiment included at least 100 measurements. Different letters indicate 1215 
significant differences, as determined by ANOVA followed by Tukey’s multiple 1216 
comparison test (p < 0.05; n = 3); error bars indicate SE. 1217 
45 
(E) Only PA significantly mitigates the inhibition of self-incompatible pollen tube 1218 
growth. The culture solution included 0.15 U incompatible PbrS-RNase and one 1219 
of the following lipids: 50 με IP3, 10 με PI3P, 10 με PI4P, 10 με PI5P, 50 με 1220 
PI(3,4)P2, 50 με PI(3,5)P2, 50 με PI(4,5)P2, 50 με PI(3,4,5)P3, 1 με S1P, or β0 με 1221 
PA. The pollen tubes were cultured for 3 hours. PA significantly mitigated the 1222 
inhibition of self-incompatible pollen tube growth, but other acidic lipids did not. 1223 
Asterisks indicates significant statistical difference between PA treatment and 1224 
mock as evaluated by ANOVA and Tukey’s test: *p < 0.05; n = 3; error bars 1225 
indicate SE. 1226 
(F) PA significantly reduces PCD signaling in self-incompatible pollen tubes.1227 
Pollen tubes at 3 h post-culture were incubated with different acidic lipids for 10 1228 
min, followed by the addition of incompatible PbrS-RNase at 0.15 U and culture 1229 
for 1 h. The samples were processed for TUNEL staining, followed by statistical 1230 
analysis. PA significantly decreased the positive TUNEL ratio for 1231 
self-incompatible pollen tubes, but other acidic lipids did not. Experiment was 1232 
repeated three times; each experiment included at least 100 measurements. 1233 
Asterisks indicates significant statistical difference between PA treatment and 1234 
mock as evaluated by ANOVA and Tukey’s test: *p < 0.05; n = 3; error bars 1235 
indicate SE. 1236 
1237 
Figure 8. Effects of PbrPLDδ1-PA on the actin cytoskeleton during SI 1238 
(A) Typical images (after 10 min of treatment) of actin cytoskeletal1239 
configurations in a normal cultured pollen tube, incompatible 1240 
PbrS-RNase-challenged pollen tube, PbrPLDδ-as-ODN-mediated knockdown 1241 
pollen tube under incompatible PbrS-RNase challenge, and 1242 
PbrPLDδ1-as-ODN-mediated knockdown pollen tube under incompatible 1243 
PbrS-RNase plus β0 με PA treatment. Bar = β0 µm.  1244 
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(B-C) Time course analysis showing that as-ODN-mediated knockdown of 1245 
PbrPLDδ1 accelerates PbrS-RNase-induced F-actin depolymerization (B) and 1246 
reduces F-actin levels (C) during SI. This effect was mitigated by the addition of 1247 
β0 με PA. Experiment was repeated five times; each experiment included at 1248 
least 100 measurements for F-actin depolymerization analysis. Knockdown of 1249 
PbrPLDδ1 led to a significantly accelerated median F-actin depolymerization 1250 
time (LT50) and F-actin level compared with wild-type control (p < 0.001 for 1251 
F-actin depolymerization time, p < 0.001 for F-actin level, by Student’s t-test; n 1252 
= 5; error bars indicate SE).  1253 
(D) Various concentrations of PA do not directly inhibit PbrS-RNase-mediated 1254 
depolymerization of F-actin. PbrS-RNase (0.15 U) was incubated with PA at 1255 
various concentrations for 10 min, followed by co-incubation with F-actin 1256 
(pyrene-labeled) for 5 min before 50-fold dilution in 1× KMEI buffer. The results 1257 
from a representative experiment (n = 5) are shown. 1258 
 1259 
Figure 9. Schematic diagram of the mechanism by which 1260 
PbrPLDδ1-derived PA mediates early SI signaling in pollen by stabilizing 1261 
the actin cytoskeleton 1262 
PbrS-RNase directly interacts with actin protein, leading to actin cytoskeleton 1263 
depolymerization in self-incompatible pollen tubes. However, PbrS-RNase 1264 
enhances the expression of PbrPLDδ1, encoding a plasma 1265 
membrane-localized protein, leading to an increase in PA levels. This PA 1266 
prevents depolymerization of the actin cytoskeleton, thus delaying SI-induced 1267 
PCD. 1268 
 1269 
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Figure 1. The RC4 domain of PbrS-RNase is critical for interaction with PbrActin1
(A) Dissection of the functional domains of PbrS7-RNase required for interaction withPbrActin1 in Y2H assays. The wedge indicates the gradient dilution at 1, 0.1, 0.01. A
positive interaction between PbrS-RNase and actin was confirmed by a filter assay. The
interaction strength was quantified based on β-galactosidase activity. The experiments
were repeated four times, with similar results. Asterisks indicates significant statistical
difference between wild-type PbrS7-RNase and P156A mutation as evaluated by ANOVAand Tukey’s test: **p < 0.01; error bars indicate SE.
(B) Sequence alignment of PbrS7-RNase, PbrS34-RNase, Aspergillus niger ACTIBIND,and human RNASET2. The black line represents the RC4 domain of PbrS-RNase. The
red box represents the sequence of ACTIBIND identified as binding to actin.
(C) Superimposition of the structures of the RNase-binding actin domains of PbrS7-RNase(blue), PbrS34-RNase (green), ACTIBIND (purple), and RNASET2 (yellow). The ACTIBINDprotein (PDB entry 3d3z) was used as a crystal structure model.
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Figure 2. PbrS-RNase directly depolymerizes actin filaments
(A) PbrS7-RNase depolymerizes F-actin in a concentration-dependent manner.Depolymerization of actin was monitored based on the decrease in pyrene fluorescence.
The figure shows the results from a representative experiment (n = 5).
(B–C) Addition of 0.15 U PbrS7-RNase results in actin filament depolymerization.Micrographs and the mean actin filament length (each experiment consisting of ≥200
determinations) are shown in (B) and (C), respectively. Bar = 2 μm. Different letters
indicate significant differences, as determined by ANOVA followed by Tukey’s multiple
comparison test (p < 0.05; n = 3; error bars indicate SE).
(D) 0.15 U of PbrS7-RNase significantly increases severing events in actin filamentscompared with the control, as determined by total internal reflection fluorescence (TIRF)
microscopy analysis. F-actin was assembled from 0.5 μM G-actin (FITC-phalloidin
labeled) and attached to glass slides coated with myosin. At the treatment times (vertical
red arrow), the reaction mixture was replaced with 0.15 U PbrS7-RNase. Bar = 1 μm.The white arrows indicated the depolymerization sites of the F-actin.
(E) Quantification of the depolymerizing efficiencies of PbrS7-RNase shown in (D). ‘***’suggests p < 0.001 by Student’s t-test compared between －PbrS7-RNase and +PbrS7-RNase. Error bars indicate SE.
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Figure 3. Recombinant PbrS-RNase binds to F-actin and depolymerizes the actin
cytoskeleton in an S-specific manner
(A) Purified PbrS-RNases from E. coil. PbrS7-RNase and PbrS34-RNase were fused withthe TF-His tag and expressed in E. coli Rosetta (DE3) cells. Proteins were separated by
10% SDS-PAGE, followed by Coomassie blue staining. The solid black arrow indicates the
protein band corresponding to PbrS-RNases, and the unfilled arrow indicates TF-His tag
expressed by the empty vector.
(B) Recombinant PbrS-RNases retain RNase activity. Correlation analysis was used to
estimate the RNase efficiency of the purified PbrS-RNases toward yeast RNA. The
correlation coefficients (R2) for PbrS7-RNases (blue) and S34-RNase (red) were greater than0.97, demonstrating their efficiency; 10 μg (corresponding to 0.15 U enzymatic activity)
PbrS-RNase was utilized for treatment in subsequent analyses.
(C) High-speed co-sedimentation assays to determine the apparent affinity of PbrS7-RNasebinding to F-actin. Various amounts of phalloidin-stabilized F-actin were combined with 0.5
μM (corresponding to 15 μg/mL) PbrS7-RNase. The amount of bound protein in the pelletwas determined by densitometry. The percentage of bound PbrS7-RNase was plottedagainst the concentration of actin and fitted with a hyperbolic curve.
(D) Recombinant PbrS-RNases induce F-actin depolymerization in self-incompatible pollen
tubes. Typical images of actin cytoskeletal configuration in pollen tubes after 30 min of
various treatments are shown. Bar = 20 µm.
(E) Quantification of pollen tubes showing F-actin depolymerization in response to 30 min of
various treatments. Purified PbrS-RNase causes a significant increase in F-actin
depolymerization. Different letters indicate significant differences, as determined by ANOVA
followed by Tukey’s multiple comparison test (p < 0.05; n = 4); error bars indicate SE.
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Figure 4. The P156A mutation abolishes the actin-depolymerization activity of
PbrS-RNase
(A) Mutant PbrS7-RNases were expressed in E. coil and purified.(B) Mutation in the actin-binding domain of PbrS7-RNase has a negligible effect onRNase activity, whereas a mutation (H116R) in the catalytic site abolishes the RNase
activity of PbrS7-RNases (n = 3).(C) The F-actin-depolymerization activity of mutated PbrS7-RNase monitored based on adecrease in pyrene fluorescence. PbrS7-RNase P156A lacks actin-depolymerizationactivity. The figure shows the results from a representative experiment (n = 5).
(D-E) Mutant PbrS7-RNase depolymerizes F-actin based on microscopy detection.Addition of the same concentration of mutated PbrS7-RNase for 60 min indicated that theP156A mutation abolishes actin filament-depolymerization activity. Micrographs and the
mean actin filament length (each experiment consisting of ≥200 determinations) are
shown in (D) and (E), respectively. Bar = 2 μm. Different letters in (E) indicate significant
differences, as determined by ANOVA followed by Tukey’s multiple comparison test (p <
0.05; n = 3); error bars indicate SE.
(F) Treatment with the P156A mutant form of PbrS-RNase leads to a significant decrease
in actin filament depolymerization in incompatible pollen after 30 min of treatment.
Different letters indicate significant differences, as determined by ANOVA followed by
Tukey’s multiple comparison test (p < 0.05; n = 4); error bars indicate SE.
(G) Time course analysis showing that the P156A mutant form of PbrS-RNase mitigates
incompatible pollen PCD (in median lethal time (LT50) analysis; p < 0.01 for the P156Amutant form of PbrS-RNase compared with wild-type PbrS-RNase, by Student’s t-test; n
= 4; error bars indicate SE). Experiment was repeated four times; each experiment
included at least 100 measurements.
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Figure 5. Self-incompatible pollen tubes exhibit increased PA accumulation
(A) Incompatible PbrS-RNase increases PA levels in pear pollen. Lane 1, control in the
absence of PbrS-RNase. Lanes 2–5 show the results after 5, 10, 30, and 60 min of
treatment with 0.15 U of compatible PbrS-RNase. Lanes 6–9 show the results after 5, 10,
30, and 60 min of treatment with 0.15 U of incompatible PbrS-RNase. SC: compatible
PbrS-RNase treatment. SI: incompatible PbrS-RNase treatment.
(B) Quantification statistics of the PA levels from (A). PA levels are expressed as fold
increases compared to control samples. PA levels significantly increased after 5 min of
SI treatment. Different letters indicate significant differences, as determined by ANOVA
followed by Tukey’s multiple comparison test (p < 0.05; n = 3); error bars indicate SE.
(C) Thin layer chromatography (TLC) images of time-dependent increases in PA and
PBut levels after incompatible PbrS-RNase treatment. SL: structural phospholipids, PBut:
phosphatidylbutanol.
(D) Quantification statistics for the time course of increases in PBut and PA levels. PA
and PBut levels are expressed as fold increases compared to control samples. Both PA
and PBut levels in pollen tubes increased with similar kinetics under incompatible PbrS-
RNase treatment. All data are the means of three independent experiments. Error bars
indicate SE.
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Figure 6. The SI-induced increase in PA levels is mediated by PbrPLDδ1 in pollen
(A) RT-qPCR analysis of PbrPLD expression in control and treated (compatible and
incompatible, 30 min) pollen samples at 4 h post-culture. PbrPLDδ1 mRNA levels
significantly increased in response to SI treatment. Asterisks indicates significant
statistical difference between SI treatment and mock as evaluated by ANOVA and Tukey’s
test: **p < 0.01; n = 4; error bars indicate SE.
(B) Images of PBut and PA signals for the three genotypes after 60 min of incompatible
PbrS-RNase treatment. Pear pollen was cultured for 4 h with 0.10% (v/v) 1-butanol plus
50 µM antisense (as) or sense (s) ODNs targeting PbrPLDα1, PbrPLDβ1, or PbrPLDδ1
before treatment.
(C) and (D) PA and PBut levels are expressed as percentages compared to control
samples. The as-ODN mediated knockdown of PbrPLDδ1 significantly decreased PA
levels in samples showing an SI response at 60 min. Different letters indicate significant
differences, as determined by ANOVA followed by Tukey’s multiple comparison test (p <
0.05; n = 3); error bars indicate SE.
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Figure 7. PbrPLDδ1-derived PA reduces SI-induced PCD in pollen tubes
(A) DNA fragmentation detected by TUNEL labeling. Images of negative (left) and positive
(right) TUNEL signals. DAPI staining showing that TUNEL-positive signals correspond to
nuclear DNA. Bar = 20 µm.
(B) Time-course analysis showing that antisense-mediated knockdown of PbrPLDδ1
increases the sensitivity of pear pollen tubes to PbrS-RNase-induced PCD (LT50 decreasedfrom 62.3± 7.7 min in the wild-type control to 29.8± 5.9 min in the PbrPLDδ1-knockdown
group; p < 0.001, by Student’s t-test; n = 3; error bars indicate SE). This effect was
mitigated by the addition of 20 μM PA (LT50 is 53.2 ± 5.7 min; there is no significantdifference compared it with wild-type control, by Student’s t-test; n = 3; error bars indicate
SE).
(C) LT50 analysis revealing that the 1-butanol-mediated inhibition of PLD activity significantlyreduces LT50 times of pollen tube PCD, but this acceleration was alleviated by the additionof 20 μM exogenous PA during SI. Different letters indicate significant differences, as
determined by ANOVA followed by Tukey’s multiple comparison test (p < 0.05; n = 3); error
bars indicate SE.
(D) Quantification of PCD in pollen tubes after 60 min of various treatments. Knockdown of
PbrPLDδ1 and the addition of 0.25% 1-butanol led to a significant increase in cell death.
Experiment was repeated three times; each experiment included at least 100
measurements. Different letters indicate significant differences, as determined by ANOVA
followed by Tukey’s multiple comparison test (p < 0.05; n = 3); error bars indicate SE.
(E) Only PA significantly mitigates the inhibition of self-incompatible pollen tube growth. The
culture solution included 0.15 U incompatible PbrS-RNase and one of the following lipids:
50 μM IP3, 10 μM PI3P, 10 μM PI4P, 10 μM PI5P, 50 μM PI(3,4)P2, 50 μM PI(3,5)P2, 50 μMPI(4,5)P2, 50 μM PI(3,4,5)P3, 1 μM S1P, or 20 μM PA. The pollen tubes were cultured for 3hours. PA significantly mitigated the inhibition of self-incompatible pollen tube growth, but
other acidic lipids did not. Asterisks indicates significant statistical difference between PA
treatment and mock as evaluated by ANOVA and Tukey’s test: *p < 0.05; n = 3; error bars
indicate SE.
(F) PA significantly reduces PCD signaling in self-incompatible pollen tubes. Pollen tubes at
3 h post-culture were incubated with different acidic lipids for 10 min, followed by the
addition of incompatible PbrS-RNase at 0.15 U and culture for 1 h. The samples were
processed for TUNEL staining, followed by statistical analysis. PA significantly decreased
the positive TUNEL ratio for self-incompatible pollen tubes, but other acidic lipids did not.
Experiment was repeated three times; each experiment included at least 100
measurements. Asterisks indicates significant statistical difference between PA treatment
and mock as evaluated by ANOVA and Tukey’s test: *p < 0.05; n = 3; error bars indicate SE.
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Figure 8. Effects of PbrPLDδ1-PA on the actin cytoskeleton during SI
(A) Typical images (after 10 min of treatment) of actin cytoskeletal configurations in a
normal cultured pollen tube, incompatible PbrS-RNase-challenged pollen tube, PbrPLDδ-
as-ODN-mediated knockdown pollen tube under incompatible PbrS-RNase challenge,
and PbrPLDδ1-as-ODN-mediated knockdown pollen tube under incompatible PbrS-
RNase plus 20 μM PA treatment. Bar = 20 µm.
(B-C) Time course analysis showing that as-ODN-mediated knockdown of PbrPLDδ1
accelerates PbrS-RNase-induced F-actin depolymerization (B) and reduces F-actin levels
(C) during SI. This effect was mitigated by the addition of 20 μM PA. Experiment was
repeated five times; each experiment included at least 100 measurements for F-actin
depolymerization analysis. Knockdown of PbrPLDδ1 led to a significantly accelerated
median F-actin depolymerization time (LT50) and F-actin level compared with wild-typecontrol (p < 0.001 for F-actin depolymerization time, p < 0.001 for F-actin level, by
Student’s t-test; n = 5; error bars indicate SE).
(D) Various concentrations of PA do not directly inhibit PbrS-RNase-mediated
depolymerization of F-actin. PbrS-RNase (0.15 U) was incubated with PA at various
concentrations for 10 min, followed by co-incubation with F-actin (pyrene-labeled) for 5
min before 50-fold dilution in 1× KMEI buffer. The results from a representative
experiment (n = 5) are shown.
Figure 9. Schematic diagram of the mechanism by which PbrPLDδ1-derived PA
mediates early SI signaling in pollen by stabilizing the actin cytoskeleton
PbrS-RNase directly interacts with actin protein, leading to actin cytoskeleton
depolymerization in self-incompatible pollen tubes. However, PbrS-RNase enhances
the expression of PbrPLDδ1, encoding a plasma membrane-localized protein, leading
to an increase in PA levels. This PA prevents depolymerization of the actin cytoskeleton,
thus delaying SI-induced PCD.
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